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We propose a simple laser-driven electron acceleration scheme based on tightly focused radially polarized
laser pulses for the production of femtosecond electron bunches with energies in the few-hundreds-of-keV
range. In this method, the electrons are accelerated forward in the focal volume by the longitudinal electric
field component of the laser pulse. Three-dimensional test-particle and particle-in-cell simulations reveal the
feasibility of generating well-collimated electron bunches with an energy spread of 5% and a temporal duration
of the order of 1 fs. These results offer a route towards unprecedented time resolution in ultrafast electron
diffraction experiments.
PACS numbers: 41.75.Jv, 52.38.-r, 61.05.J
The development of high-power laser facilities all around
the world has paved the way to the design of a new genera-
tion of laser-based electron accelerators. Recent experimen-
tal successes have shown that electrons may be accelerated to
hundreds-of-MeV energies from high-intensity laser-plasma
interactions [1–3]. Laser-driven electron accelerators are thus
expected to offer a robust, compact, and low-cost alternative
to conventional radio-frequency (rf) accelerators [4].
While most studies have been concerned with the laser ac-
celeration of electron bunches to energies ranging from sev-
eral MeV to the GeV level [5], comparatively little work has
been done at lower energies (e.g., [6–10]).
In fact, due to their large scattering cross section in com-
parison to x-rays, subrelativistic electrons find important ap-
plications in atomic and molecular imaging experiments [11].
In the last few years, electrons at subrelativistic energies
have been successfully used in time-resolved ultrafast elec-
tron diffraction (UED) experiments to study dynamical pro-
cesses on the subpicosecond time scale [12–14]. In the lat-
ter experiments, the electrons are generated from the illumi-
nation of a photocathode by a femtosecond laser pulse and
are subsequently accelerated in a static electric field. Using
this method, electron bunches with a duration between 200
and 350 fs and energy in the 50–100 keV range can be pro-
duced [11]. In addition, using state-of-the-art rf cavities to
invert the linear velocity chirp, the electron bunches can be
compressed down to about 70 fs at the sample [15], while the
timing jitter between the laser and the rf electronics can be re-
duced to 30 fs with the time stamping method [16]. Bunches
of shorter durations (∼10 fs) have been predicted by replacing
the static accelerator with a rf gun that accelerates the elec-
trons at energies of a few MeV [17]. However, due to the
reduced scattering cross section of relativistic electrons and
other practical considerations, the 100–300 keV energy win-
dow is generally preferred for UED [18].
Recently, laser-driven electron acceleration has been pro-
posed as an alternative to static accelerator technology for
UED experiments [6, 19, 20]. In principle, laser accelera-
tion has several advantages [20]: (i) the short wavelength of
the accelerating field may lead to electron bunches with du-
ration of the order of 10 fs or less; (ii) there is an intrin-
sic synchronization between the electron probe and the laser
pump; (iii) using a gas medium, the electron source is self-
regenerating and can thus be used for experiments at high
repetition rates. In [19], 350-keV electron bunches were pro-
duced from a high-intensity laser-solid interaction and com-
pressed down to 500 fs, while in [20], 100-keV bunches with
a duration possibly under 100 fs, although not measured, were
generated with a laser-wakefield accelerator. Subfemtosecond
electron pulses are predicted in plasmas with ramp-up density
profiles, but at relativistic energies [21].
In this Letter, we propose a simple direct acceleration
scheme based on the use of tightly focused radially polar-
ized laser pulses for the generation of electron bunches with
unprecedentedly short duration in an energy range appropri-
ate for UED applications. This method takes advantage of
the strong longitudinal electric field at the beam center to ac-
celerate the electrons from the focal region along the optical
axis [22]. We demonstrate the feasibility of generating 240-
keV, one-femtosecond electron pulses when the laser pulse is
tightly focused in a low-density gas. The acceleration mech-
anism is first analyzed using a three-dimensional test-particle
approach. We then investigate the limits of validity of these
results using three-dimensional particle-in-cell (3DPIC) simu-
lations with full ionization dynamics. We finally discuss how
the proposed acceleration scheme could find applications in
time-resolved UED experiments.
Ultrashort and tightly focused laser pulses must be mod-
eled as exact solutions to Maxwell’s equations. We con-
sider the lowest-order radially polarized laser field, namely
a TM01 pulse, for which an exact closed-form solution is
known [23, 24]. In vacuum, the nonzero field components
of a TM01 pulse traveling in the forward z direction with its
beam waist plane located at z = 0 are given, in cylindrical
coordinates (r, θ, z), by the following expressions:
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FIG. 1. (Color online) Electric field of a TM01 pulse with k0a = 20,
s = 70, P = 300 GW, and λ0 = 800 nm. (a) Electric energy density
at the beam waist. (b) Temporal variation of Ez at the origin.
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whereℜ{· · · } denotes the real part, E0 is a constant amplitude,
c is the speed of light in vacuum, ˜R = [r2+(z+ ja)2]1/2, cos ˜Θ =
(z + ja)/ ˜R, and G(n)± = ∂nt [ f (t˜−) ± f (t˜+)] with t˜± = t ± ˜R/c +
ja/c. The confocal parameter a can be used to characterize
the degree of paraxiality of the beam since it is related to the
Rayleigh range zR at wavelength λ0 by k0zR =
√
1 + (k0a)2 −
1 [25]. The function f (t) is the inverse Fourier transform of
the frequency spectrum of the pulse, which we assume to be
Poisson-like [26]:
F(ω) = 2πe− jφ0
(
s
ω0
)s+1
ωse−sω/ω0
Γ(s + 1) H(ω) , (4)
where s is a positive parameter related to the pulse duration,
φ0 is the constant pulse phase, ω0 = ck0 is the frequency of
maximum amplitude, Γ(x) is the gamma function, and H(x) is
the Heaviside step function. The fields given by Eqs. (1)–(3)
may be produced by focusing a collimated radially polarized
input beam with a parabolic mirror of large aperture [27].
Conceptually, our accelerator design simply consists of an
ultrashort TM01 pulse that is strongly focused in a low-density
gas target of uniform density n0. This configuration is very
similar to the experimental setup recently used by Payeur et
al. [8]. To simulate the laser-driven electron acceleration, we
perform three-dimensional simulations using the EPOCH PIC
code [28]. The fields given in Eqs. (1)–(3) are implemented in
the code using the scattered-field formulation [29].
We consider a TM01 pulse characterized by k0a = 20 and
s = 70 with an average power of P = 300 GW and a dom-
inant wavelength of λ0 = 800 nm. This gives a pulse with
a full width at half maximum (FWHM) duration of 8.3 fs.
The center of the pulse is set to reach the beam waist plane
at t0 = 80 fs. The spatiotemporal properties of the pulse in
vacuum at the beam waist are illustrated in Fig. 1. The chosen
laser parameters correspond to a regime accessible by current
millijoule lasers that can operate at kHz repetition rate with
carrier-envelope phase stabilization [30, 31].
In analogy to the standard normalized vector poten-
tial parameter a0 = e|E|/mecω0 [32], it is useful to in-
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FIG. 2. (Color online) Characterization of an ultrashort electron
bunch produced after the interaction of a k0a = 20, s = 70,
P = 300 GW, φ0 = π laser pulse with a target of free and nonin-
teracting electrons. (a) Electron number density ne in the (x, z) plane.
The solid and dashed white lines indicate the locations of the z and
x cuts shown in (b) and (c), respectively. The arrows in (b) and (c)
indicate the full width at half maximum duration and width. (d) Ki-
netic energy distribution. The snapshot is taken at t − t0 = 120 fs.
Only the electrons with ∆W > 50 keV located in the (x,z) region
shown in (a) and within a slice of thickness λ0 centered at y = 0
are considered to obtain the distribution functions. The simulation
is performed using 109 pseudoparticles randomly distributed in the
region x, y ∈ [−5λ0, 5λ0], z ∈ [−14λ0, 50λ0].
troduce a normalized longitudinal field parameter az =
e|Ez|peak/mecω0 [22]. At az & 1, the motion of a free electron
in the longitudinal electric field becomes relativistic. Con-
sequently, subcycle acceleration, i.e., the process in which
the electron is accelerated by staying in phase with the laser
field over a certain distance, starts to take place [33]. On the
one hand, subcycle acceleration induces a strong longitudinal
compression over a cloud of electrons, which promotes the
formation of ultrashort electron bunches [34, 35]. On the other
hand, if the value of az is too high, the electrons will acquire
an energy that will be too great for any use in electron diffrac-
tion experiments. For the chosen laser pulse parameters, we
have az ≈ 1.6, a good tradeoff between the longitudinal com-
pression induced by subcycle acceleration and the final kinetic
energy of the electrons.
To investigate the acceleration dynamics, we adopt in the
first place a three-dimensional test-particle approach in which
all electrons are initially assumed to be free and space-charge
effects are neglected. The electrons are initially distributed
randomly in space according to a uniform distribution. As the
laser pulse approaches the focal region, two main electron jets
are formed: an annular electron jet is accelerated away from
the optical axis under the influence of the radial electric field
component, and a well-collimated electron bunch is acceler-
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FIG. 3. (Color online) (a) Final x coordinate [log10(|x f |/λ0 + 1)] and
(b) final kinetic energy at time t − t0 = 120 fs for a free electron
initially at rest at the position (x0, z0) in the (x, z) plane. The three
markers in (a) correspond to three initial conditions for which the
trajectory is illustrated in (c). The white curve in (b) corresponds to
the |x f | = 0.5λ0 contour. All laser parameters are identical to those
used in Fig. 2.
ated in the forward z direction by the longitudinal electric field
component. Figure 2 illustrates the main properties of this on-
axis electron bunch. At the instant the snapshots shown in
Fig. 2 are taken, the interaction of the electron bunch with
the laser pulse is already terminated. The divergence of the
bunch is estimated to be 6 mrad, while its duration, given by
the longitudinal extent of the bunch divided by the average
velocity of the electrons, is of the order of 730 as. The en-
ergy distribution of the electron bunch, shown in Fig. 2(d),
displays a well-defined maximum at E = 237 keV with a
small absolute energy spread of ∆E = 6 keV. Accelerating
subfemtosecond pulses with radially polarized laser pulses us-
ing an infinite target is noteworthy, as previous techniques had
to rely on nanometric targets and ultrarelativistic laser inten-
sities (a2z ≫ 1) [34, 35].
To get a better understanding of the formation of the ul-
trashort electron pulse reported in Fig. 2, it is instructive to
identify the origin of the electrons of which it is made. Fig-
ure 3(a) maps the initial coordinates of a free electron in the
(x, z) plane to its final transverse coordinate. The most re-
markable feature is the presence of a thin vertical band at
z0 ≈ 2.15λ0 extending from x0 = 0 to x0 ≈ 0.5λ0 that corre-
sponds to electrons that remain within a distance of λ0/2 from
the optical axis. Moreover, as shown in Fig. 3(b), this set of
initial conditions is correlated with a region where the final
kinetic energy of the electrons is extremely similar. There-
fore, the formation of an ultrashort electron pulse originates
from the acceleration of a thin disk of electrons located in a
very restricted region of the infinite gas target. Electrons out-
side this thin disk region are either deflected away from the
optical axis [see Fig. 3(c)] or gain little energy from the laser
field. We emphasize that the acceleration process is sensi-
tive to the carrier-envelope phase, a clear signature of direct
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FIG. 4. (Color online) (a)–(d) Three-dimensional particle-in-cell
simulation corresponding to the case shown in Fig. 2. The target con-
sists of neutral hydrogen with a uniform density of n0 = 3×1022 m−3.
(e) Variation of the peak energy and energy spread (square markers
with error bars, left scale), and duration (circle markers, right scale)
of the electron pulse as a function of the initial atomic density n0. In
each case, the simulation is performed using 5 × 108 hydrogen pseu-
doparticles randomly distributed on a 200 × 200 × 1000 grid with
Nλ = 20 points per wavelength resolution, corresponding to the re-
gion x, y ∈ [−5λ0, 5λ0], z ∈ [−10λ0, 40λ0]. The statistics are obtained
at t − t0 = 120 fs. Increasing the grid resolution to Nλ = 30 does not
significantly alter the results.
acceleration that distinguishes our scheme from ponderomo-
tive acceleration, which is a process independent of the laser
pulse phase [36]. Here, substantial energy gains are possi-
ble because an asymmetry between consecutive positive and
negative half field cycles is introduced by nonlinear relativis-
tic effects, the ultrashort (few-cycle) pulse duration, and the
strong field divergence (zR ∼ 3λ0).
Having studied the acceleration mechanism in the single
particle limit, we now proceed with a much more realistic
3DPIC approach. We assume that the initial target consists of
a neutral hydrogen gas of uniform atomic density n0 at room
temperature. Multiphoton, tunnel, and barrier-suppression
ionization are taken into account [37]. Figure 4(a)–(d) show
the results of a simulation performed at an initial density of
n0 = 3× 1022 m−3 with the same laser parameters as in Fig. 2.
The electron pulse produced from the hydrogen target pos-
sesses features very similar to that reported in Fig. 2. Its du-
ration is slightly above one femtosecond, with a peak areal
density and a total charge of 2 × 10−3 C·m−2 and 1.1 fC, re-
spectively. The charge was obtained by counting up the elec-
4trons located within a cylinder of radius λ0 extending from
z = 33λ0 to z = 37λ0 [see Fig. 4(a)]. We calculate the fraction
of the electrons within the FWHM of the longitudinal and ra-
dial density distribution to be 2.4%. We emphasize that due to
the ionization dynamics, other elements than hydrogen might
not be used to generate monoenergetic electron pulses. In fact,
we have observed that 3DPIC simulations with helium yield
an energy distribution with two distinct peaks (not shown).
In Fig. 4(e), we illustrate the variation of the main features
of the electron pulse as a function of the initial density n0.
Well-collimated, monoenergetic one-femtosecond pulses are
observed up to densities of about n0 = 3×1022 m−3. Up to this
density, the bunch charge increases linearly. As n0 is raised
above 3× 1022 m−3, the electron pulse duration and its energy
spread increase under the influence of electrostatic repulsion.
At initial atomic densities of n0 = 3×1023 m−3 and above, the
electron pulse is rapidly broadened by space-charge forces.
The possibility of generating femtosecond monoenergetic
electron bunches suggests that the proposed acceleration
scheme could offer an interesting avenue towards unprece-
dented time resolution in UED experiments. In this perspec-
tive, the transverse normalized emittance and the transverse
coherence length are important parameters. The normalized
emittance, which estimates the volume occupied by the elec-
tron beam in phase space, is given, in the x direction, by ǫn,x =
(1/mec)
√
〈x2〉〈p2x〉 − 〈xpx〉2, where 〈· · · 〉 denotes an average
over the electrons in the bunch [18]. With the electrons from
the same region that was used to calculate the bunch charge in
Fig. 5(a) we get ǫn,x = ǫn,y = 3.6×10−3 mm·mrad, which com-
pares favorably to state-of-the-art UED setups (ǫn,x ≈ 2×10−2
mm·mrad [18,20]). The transverse coherence length is calcu-
lated with Lc = λ/2πσθ, where λ is the de Broglie wavelength
and σθ is the root-mean-square angular spread [18]. Here we
obtain Lc = 0.03 nm, which is too small for UED. Never-
theless, we estimate that filtering the electron pulses with a
pinhole would remove the most divergent electrons and in-
crease the transverse coherence length beyond 1 nm. With
the remaining electrons per pulse (∼ 102 − 103), an electron
flux sufficient for time-resolved crystallography experiments
would be possible at a kHz repetition rate (see, e.g., [38]).
Finally, we recall that for the proposed scheme —which is a
subcycle laser process— the energy spread is intrinsically low
(about 5%). Energy filtering as done in [19] might be benefi-
cial, but is probably not necessary.
Still in connection with UED, we stress that free-space
propagation is needed for the electron pulse to reach the sam-
ple, which causes spatiotemporal broadening. Nevertheless,
the use of a strongly focused, rapidly diverging, laser pulse
(zR ∼ 3λ0) could allow having the sample very close to the fo-
cus. With the available computational resources, we were able
to simulate the propagation of the electron pulse for 1.1 ps.
Whereas the radius of the electron pulse did not change sig-
nificantly, the pulse duration, after an initial transient behav-
ior, increased linearly at the rate of 0.027 fs/µm. This asymp-
totic linear behavior is in agreement with existing theoretical
models [39]. It thus appears that pulse compression will be
needed to keep the duration at the sample below 30 fs for a
focus-sample distance larger than 1 mm. For state-of-the-art
compression techniques see [15, 19].
Finally, we emphasize that besides UED, the proposed ac-
celeration scheme might also be of interest for electron in-
jection into x-ray free electron lasers and staged (channel-
guided) laser wakefield accelerators, as well as for the de-
velopment of tabletop radiation sources. For those applica-
tions, relativistic energies are needed. Preliminary results for
the actual acceleration scheme show that it would be possible
to double the electron energy only by tuning the laser power,
while preserving a good beam quality (∆E/E ∼ 10% or less).
The laser pulse parameters were not submitted to an intensive
optimization process. Reaching the few-MeV range is the ob-
ject of ongoing research.
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